HIV Does Not Replicate in Naive CD4 T Cells Stimulated with CD3/CD28
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Abstract

In this report, we demonstrate that the T cell tropic strain of
HIV, LAI, does not replicate in naive CD4 T cells stimu-
lated by cross-linking CD3 and CD28. In contrast, LAI rep-
licates well in memory CD4 T cells stimulated in the same
way. Unlike this physiologically relevant stimulation, PHA
stimulates productive LAI replication in both naive and
memory T cells. These studies were conducted with highly
purified (FACS®-isolated) subsets of CD4 T cells identified
by expression of both CD45RA and CD62L. Remixing of
purified T cells showed that naive T cells do not suppress
LAI replication in memory T cells and that memory T cells
do not restore LAI expression in naive T cells. The suppres-
sion of productive LAI replication in naive T cells is not due
to differential expression of viral coreceptors, nor is it due to
inhibition of activation of the important HIV transcription
factors, nuclear factor-xB and activator protein-1. The in-
herent resistance of naive T cells to productive HIV infec-
tion, coupled with their proliferative advantage as demon-
strated here, provides a sound basis for proposed clinical
therapies using ex vivo expansion and reinfusion of CD4 T
cells from HIV-infected adults. (J. Clin. Invest. 1997. 99:
1555-1564.) Key words: nuclear factor-<B « T cell prolifera-
tion « fluorescence-activated cell sorter « human immuno-
deficiency coreceptors « stromal-derived factor-1

Introduction

The replication of HIV in CD4 T cells is tightly linked to the
proliferation of the cells. Mitogenic stimulation is necessary
for productive infection of the cells. Indeed, greater T cell pro-
liferation is generally believed to lead to greater viral replica-
tion. This is the case when bulk populations of T cells (such as
those found in unseparated PBMC) are infected with HIV.
However, as we show in this report, this paradigm breaks
down when purified subsets of T cells are studied.

T cells in PBMC are extremely heterogeneous, both func-
tionally and phenotypically. They can be broadly divided into
“naive” and “memory” subsets: naive are those cells that have
not yet encountered their cognate antigen, and memory cells
are those that have previously undergone an antigen-driven
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expansion (1). Naive T cells are phenotypically identified as
coexpressing CD45RA and CD62L, while lacking expression
of CD45RO, activation markers, and only poorly expressing
CD11a (2, 3). Functionally, naive T cells are also distinct from
memory cells: they respond to mitogenic stimuli with a greater
calcium flux, greater proliferation, and a much more restricted
cytokine profile.

Naive T cells have previously been shown to be mildly re-
sistant to HIV infection in vitro and to harbor less virus in in-
fected patients in vivo (4-6). However, these studies used only
CD45RA or CD45RO to distinguish naive from memory T cells.
While this phenotyping is relatively specific, it is not adequate
for functional studies such as those presented here. In healthy
individuals, on average, 5% of memory CD4 T cells express
CD45RA but not CD45RO, as evidenced by the lack of ex-
pression of CD62L and the coexpression of other memory
phenotype markers such as CD57. This percentage increases
significantly during the progression of HIV disease, such that
in advanced stage patients, a vast majority of CD45RA+ CD4
T cells are memory T cells (7).

On average, half of the peripheral T cells in a healthy adult
are naive. Therefore, using only CD45RA (or CD45RO) to
isolate naive T cells will lead to an average contamination with
memory T cells of at least 10%. Since memory T cells are very
different functionally from naive T cells, such a large contami-
nation could lead to the inappropriate assignment of memory-
derived cell functions to the naive T cells. Therefore, we use
three-color FACS® to uniquely identify and isolate naive T cells
based on the combined phenotype of CD4, CD45RA, and
CD62L, resulting in highly pure, homogeneous cell popula-
tions.

In the present study, we show that there is an important dif-
ference in the ability of naive and memory T cells to support
HIV replication, a difference far greater than had been recog-
nized previously. In response to cross-linking of CD3 and
CD28, which mimics physiological signals, naive T cells com-
pletely suppress HIV replication while memory T cells support
active replication. Indeed, in purified T cells, there is little cor-
relation between the proliferation of the cells and the replica-
tion of HIV in those cells. Our results are particularly impor-
tant for the design and implementation of ex vivo CD4 T cell
expansion for cell-based therapy of HIV disease (8).

Methods

Standard conditions. Cells were cultured in a humidified CO, incuba-
tor at 37°C. Cells were cultured in RPMI-1640 (Gibco Laboratories,
Grand Island, NY) supplemented with 20% fetal calf serum (Gemini
Bioproducts, Inc., Calabasas, CA), L-glutamine (290 pg/ml), penicillin
(100 U/ml), streptomycin (70 wg/ml), and recombinant IL-2 (25 U/ml)
(complete RPMI). P815/B7 (kind gift of Lewis Lanier, DNAX, Palo
Alto, CA) cells were cultured as described (9). PHA (Sigma Chemi-
cal Co., St. Louis, MO) was used at 2 pg/ml, and Leu4 (anti-CD3
monoclonal antibody; Becton Dickinson & Co., San Jose, CA) at 50
ng/ml. For coculture, P815/B7 cells were fixed in 0.5% paraformalde-
hyde for 10 min and washed extensively with RPMI. Fixed P815/B7
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were added to a final concentration of 10° cells/ml to cell cultures.
Control experiments were performed with fixed P815 cells (that do
not express the B7 antigen) to prove that the fixed cells contributed
no signaling other than the B7/CD28 interaction and the cross-linking
of soluble Leu4.

Isolation of PBMC. All human peripheral blood cells were ob-
tained from Ficol-separated buffy coats obtained from HIV- and hep-
atitis-seronegative anonymous donors at the Stanford Blood Bank.
After density centrifugation, PBMCs were washed and resuspended
at 3 X 10° cells/ml in complete RPMI at 37°C for 1 h. Nonadherent
cells were recovered and between 1 and 2 X 10% cells were stained
with antibodies for sorting.

Cell staining, flow sorting, and analysis. Cells were stained with
FITC CD62L, PE CD45RA, CySPE CD4, or Cy5PE CDS8 (PharMin-
gen, San Diego, CA) at room temperature, washed twice with room
temperature medium, and sorted by FACS® (Becton Dickinson &
Co.). In general, at least 10° cells of a particular phenotype were
sorted. For subsequent reanalyses, cells were stained on ice. For
Hoechst 33342 staining (10), cells were resuspended in medium con-
taining 2 pg/ml Hoechst 33342 at 37°C for 7 min. Staining was
stopped by the addition of 10 vol cold medium and the cells were
washed, and then stained for antibodies. Before reanalysis, cells were
washed and then fixed with 0.5% paraformaldehyde. In general,
30,000 events were collected for reanalysis. A FACStarPlus® (Becton
Dickinson & Co.) equipped with two argon ion lasers (488 and 351
nm excitation) was used for sorting and analysis.

Acute HIV infection. 24 h before infection, 5 X 10° ACH-2 cells
(a T cell line chronically and productively infected with an LAT HIV
isolate, reference 11) in 10 ml of medium were stimulated with TNFa,
1 ng/ml, and PMA, 2 ng/ml for 1 h (12). The ACH-2 cells were then
washed twice to remove residual stimulants and cultured for 23 h. Su-
pernatants were assayed for residual PMA and TNFa to assure com-
plete removal of these stimulants. Cells to be infected were incubated
with the ACH-2 supernatant, 500 ul per 10° cells (approximate multi-
plicity of infection of 3), and polybrene (3 pg/ml; Sigma Chemical
Co.) for 30 min at 37°C. Cells were washed three times and cultured
at 4 X 10° cells/ml in appropriately supplemented RPMI. Infection
was monitored at various time points by removing 50 pl of superna-
tant as assaying for p24 antigen, using an enzyme-linked immunoad-
sorbent assay (Abbott Laboratories Diagnostic Division, Chicago,
IL). For each experiment, a standard curve was generated for known
concentrations of p24 to determine the absolute concentration in
samples.

Semiquantitative PCR for CXC chemokine receptor 4 and CC
chemokine receptor 5. RNA from 250,000 sorted cells (naive or
memory) was isolated using RNAzol B (TelTest, Inc., Friendswood,
TX). Total cDNA was synthesized using 1 pg random hexamers in a
35-pl reaction volume. 3 pl of each cDNA was then amplified by
PCR using primers specific for each gene. An aliquot of each PCR re-
action was removed after 25, 30, 35, and 40 cycles. Products were sep-
arated on a 1% agarose gel and visualized by ethidium bromide stain-
ing. Quantitation was performed on digital images of the gel; results
are presented from aliquots taken while the amplification was still
proceeding exponentially. The following primer pairs were used: B-actin,
TGACGGGGTCACCCACACTGTGCCCATCTA and CTAGA-
AGCATTGCGGTGGACGATGGAGGG; CXC chemokine recep-
tor 4 (CXCR-4)!, GCAGCAGGTAGCAAAGTGAC and CGTTC-
CACGGGAATGGAGAG; CC chemokine receptor 5 (CCR-5),
CAAGCTGCTTCTGGTTGGGC and GCCTCAGCCCAGGTGA-
ACCC.

Chemokine-induced calcium flux. Naive and memory T cells were
sorted and cultured for 24 h in IL-2 under standard conditions. Cells

1. Abbreviations used in this paper: AP-1, activator protein-1; CCR-5,
“CC” chemokine receptor 5; CXCR-4, “CXC” chemokine receptor 4;
LTR, long terminal repeat; NF-kB, nuclear factor-kB; SDF, stromal-
derived factor.
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were centrifuged and resuspended in 1 ml of growth medium at room
temperature. Indo-1 (Molecular Probes, Inc., Eugene, OR) was
added to a final concentration of 3 wM; cells were incubated for 30
min. Cells were centrifuged and resuspended at a concentration of 107
cells/ml in “load” buffer (HBSS supplemented with 1% fetal calf se-
rum). For each sample condition, 10° cells were diluted to a final vol-
ume of 2 ml in “flux” buffer (HBSS supplemented with 1.6 mM
CaCl,, 5 mM MgCl,, 25 mM Hepes, pH 7.3), and placed in a fluorom-
etry cuvette with a magnetic stir bar. Indo-1 fluorescence was contin-
uously monitored at two wavelengths (400 and 490 nm); the ratio is
monotonically related to calcium concentration. Highly purified,
recombinant SDF-1 (R & D Systems, Inc., Minneapolis, MN) was added
to a final concentration of 250 pM after collection of resting Indo-1
fluorescence. Collection was continued for several more minutes.

Proliferative responses. Bulk PBMCs and sorted subpopulations
(either HIV- or mock-infected) were cultured in 200-pl volumes of a
96-well plate in triplicate (10* cells/well). 3 d after stimulation, 1nCi
of *H-thymidine (Amersham Corp., Arlington Heights, IL) was
added to the cultures. 24 h later, incorporated radioactivity was deter-
mined using an automated harvesting and counting system.

Quantitative competitive PCR for cytokine expression. mRNA for
IL-2, IL-4, and y-IFN were quantitated by quantitative competitive
PCR (13); the method will be presented in detail elsewhere (Mitra,
D., J. Tung, L.A. Herzenberg, L.A. Herzenberg, and M. Roederer,
manuscript in preparation). Briefly, the competitor in each case was
an artificially constructed RNA containing the precise cytokine
mRNA sequence but with an internal deletion. These were con-
structed by PCR amplification using a 5’ primer that is homolo-
gous to two portions of each gene 69, 85, and 87 bp apart (for IL-2,
IL-4, and y-IFN, respectively), together with a 3’ primer near the ter-
minus of the gene. The 5’ primer also contains the T7 RNA poly-
merase binding site. In the sequences given below, underlined regions
are the T7 binding site, and the asterisk (-*-) marks the position
where the primer bridges a deletion in the mRNA sequence of the
cytokine. Primers used were: IL-2, TAATACGACTCACTATAGGG-
ATGTACAGGATGCAACTCCTGTCT-*-CTACAACTGGAG-
CATTTACTGCTG (5') and GTATCTATGTAGATTGGTTAG
(3"); IL-4, TAATACGACTCACTATAGGG-ATGGGTTCTCAC-
CTCCCAACTGCT-*-CTGTGCACCGAGTTGACC (5') and CCT-
GTGAAGGAAGCCAACCAGAGT (3'); v-IFN, TAATACGAC-
TCACTATAGGG-ATGAAATATACAAGTTATATCTTGGC-
TTT-*-GCAGGTCATTCAGATGTAGCGGATAATG (5') and CTA-
AGCAAGATCCCATGGGTTGTGTGT (3’). These primers were
used to amplify total cDNA from PHA-stimulated PBMC. The prod-
uct bands were gel purified and used as substrates for in vitro RNA
synthesis. The resulting full length RNA was quantitated spectropho-
tometrically and stored in aliquots at a known number of molecules
per microliter.

To determine the mRNA messages from the sorted naive and
memory cells, 10° cells were stimulated and mRNA was isolated as
above. Seven aliquots, each containing 10% of the total mRNA, were
mixed with known amounts of each cytokine deletion transcript (half-
log dilutions starting at 1.3 X 10° copies of AIL-2, 10° copies of AIL-4,
and 10° copies of Ay-IFN). cDNA from each mixture was synthesized
as above. An aliquot of each cDNA was then amplified by PCR using
nested primers specific for each cytokine message. Products were sep-
arated on a 1% agarose gel and visualized by ethidium bromide stain-
ing. Quantitation of the wild-type mRNA (cell derived) and deleted
RNA (standard) were performed by image analysis and the ratio of
the size-corrected intensities were recorded (13). These values were
used to compute the number of molecules of each mRNA per cell.
The following nested primers were used: IL-2, ATGTACAGGATG-
CAACTCCTGTCT and TCAAAGCATCATCTCAACACTAAC,
IL-4, ATGGGTTCTCACCTCCCAACTGCT and CCTGTGAAG-
GAAGCCAACCAGAGT, v-IFN, ATGAAATATACAAGTTAT
ATCTTGGCTTT and ATGCTGTTTCGAGGTCGAAGAGCATC.
The amplified product sizes for each gene and its deletion construct
are: IL-2, 460 and 391 bp; IL-4, 383 and 278 bp; y-IFN, 496 and 409 bp.




Quantitative PCR for HIV DNA and/or RNA was performed as
previously described (14). For these experiments, naive and memory
cells were sorted, cultured, and infected with HIV as described above.
20 h after infection, cells were centrifuged, washed three times with
growth medium, and frozen on dry ice. Cell pellets were later dis-
solved and assayed as described (14). As a control, cells were incu-
bated with the HIV-containing supernatant and immediately washed
and frozen. These samples had < 20% of the signal from the 20-h cul-
tures.

HI1V long terminal repeat lacZ reporter cell assay. The development,
properties, and application of the 293.27.2 cell line have been pub-
lished (15). Support medium for experiments and maintenance of
cells was Dulbecco’s modified Eagle’s medium (Gibco Laboratories).
For a typical experiment, 2,000 cells per well were plated 12-24 h be-
fore the experiment. Supernatants from cultures were applied to the
cells for 6 to 8 h. B-Galactosidase activity was measured using 4-meth-
ylumbelliferyl-B-D-galactosidase (MUG) as previously described (16).

Electrophoretic mobility gel shift assays. Cells were stimulated for
6 h, and then harvested and centrifuged (10 min, 1,200 rpm, 4°C),
washed in 1 ml ice cold Tris-buffered saline and spun 15 s, 14,000 rpm,
4°C, in an Eppendorf centrifuge. Cells were washed once in 0.4 ml
buffer A (10 mM Hepes, pH 7.8, 10 mM KCl, 2 mM MgCl,, 1 mM
DTT, 0.1 mM EDTA, 0.1 mM PMSF), supplemented with the pro-
tease inhibitors Antipain (1 mg/ml, Sigma Chemical Co.) and Leu-
peptin (0.3 mg/ml, Sigma Chemical Co.), and incubated on ice for 15
min. 25 pl of a 10% NP-40 solution (Sigma Chemical Co.) was added
and cells were vigorously vortexed for 15 s, and then centrifuged (30 s,
14,000 rpm). Pelleted nuclei were resuspended in 50 pl buffer C (50 mM

A. Sort Total PBMC Lymphocytes

Hepes, pH 7.8, 50 mM KCl, 300 mM NaCl, 0.1 mM EDTA, 1 mM
DTT, 0.1 mM PMSF, 10% vol/vol glycerol). After gentle mixing for
20 min, the tubes were spun for 5 min at 14,000 rpm, after which the
supernatant containing the nuclear proteins was transferred to an-
other tube. Protein samples were stored at —70°C. Mobility shift (gel
retardation) assays were done essentially as described (17, 18). The
binding reactions were carried out with 10 pg of protein. Oligonucle-
otides used in these studies are ¥P-labeled monomers of the binding
site for nuclear factor-kB (NF-kB) (a mixture of complementary oli-
gonucleotides with four base 5'-overhangs, TCGAGTCAGAGGG-
GACTTTCCGAG and CGACTCGGAAAGTCCCCTCTGAC) or
activator protein-1 (AP-1) (TCGAGTGACTCAGCGCG and TCG-
ACGCGCTGAGTCAC).

Results

HIV infection of purified CD4 T cell subsets. Subsets of CD4
T cells from healthy adult donors were sorted to > 98% purity
by FACS® sorting (> 99% expressed CD4). These subsets
were identified by the FACS® on the basis of five different pa-
rameters (Fig. 1 A): forward and side-scattered light (identify-
ing lymphocytes), and the expression of CD4, CD45RA, and
CD62L. This combination of markers is necessary to uniquely
identify naive T cells (1-3): in healthy donors, there is a vari-
able representation (average 5%) of memory CD4 T cells that
express CD45RA (and not CD45RO) but do not express

Figure 1. FACS® analysis and sort-
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Figure 2. HIV does not replicate in CD3/CD28-stimulated naive CD4 T cells. (A) CD4 subsets were sorted to purity as shown in Fig. 1, infected
with HIV, and left either unstimulated or stimulated with TNFa (1 ng/ml) and PMA (2 ng/ml). After 3 d, supernatants were assayed for solu-
ble p24. p24 production was low in these cultures, but was significantly increased by TNFa and PMA stimulation in PBMC and purified mem-
ory cells; p24 in the naive supernatants was not above background (as determined, for instance, by the infection of sort-purified CD8 T cells
with HIV). The amount of p24 detected in these cultures is well correlated with the amount of infectious virus present in the supernatant (30).
(B) In this experiment, we infected sort-purified cells with HIV and stimulated with either PHA (2 pg/ml), CD3/CD28, or left unstimulated.
PHA stimulated high p24 production in all CD4 subsets and total PBMC; however, costimulation of the CD3/CD28 pathways resulted in no de-
tectable p24 from naive T cells above background. For each cell type, cells were infected before separation into different wells and stimulation
conditions. (C) CD4 subsets or total PBMC were infected with HIV and stimulated under the conditions shown. p24 was assayed after 5 d. Only
PHA was capable of stimulating the production of p24 in infected naive T cells (ConA was used at 10 pg/ml). TNFa (10 ng/ml) was unable to
rescue the p24 production from naive T cells stimulated with CD3/CD28. (D) The kinetics of p24 production over 9 d is shown for PHA- or CD3/
CD28-stimulated cells. After 9 d, the amount of p24 in the naive cultures stimulated with CD3/CD28 is low but significantly above back-
ground. (E) Naive and memory M1 T cells were sorted and then remixed in different percentages. Cells were then infected with HIV and stim-
ulated with CD3/CD28. The p24 production correlates well with the fraction of cells that are of the memory phenotype, suggesting that naive T
cells do not produce an inhibitory factor, and that memory cells cannot “rescue” the HIV replication in naive T cells. Similar results were ob-
tained when naive T cells were mixed with memory M2 cells or with total memory (M1 + M2) cells. Representative data from eight independent
experiments on cells from 10 donors are shown.

CDG62L (reference 7 and data not shown). Reanalysis of sorted Purified T cells or bulk PBMC were then infected with
CD4 subpopulations was performed immediately after the sort ~ HIV derived from the chronically infected cell line ACH-2, the
to verify that the purity was in excess of 98%. LATI strain (11). Cells were incubated in the presence of HIV

Purified T cells were then cultured for 24-36 h in the ab- for 2 h and washed extensively. After the infection, cells were

sence of stimulation. The methods we use for staining cells divided into parallel cultures and stimulated under different
with fluorescently conjugated antibodies and the subsequent conditions; thus, in any particular experiment, all cells of a par-
sorting are done in such a way that the functional capacity of ticular phenotype have been identically infected with HIV.

these cells is unaltered (19). The phenotype of the sorted We then stimulated the infected cells with PHA, a lectin
populations was essentially unaltered after this culture phase that has been routinely used to generate productive HIV infec-
(Fig. 1 B). tion in human cells. PHA stimulated significant HIV replica-
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tion in all purified CD4 subsets, as well as bulk PBMC (Fig. 2).
Indeed, naive T cells produced as much HIV on a per-cell basis
as did memory cells, in agreement with previous reports (4).
Thus, the infection was successful in all subsets.

CD3/CD28-stimulated naive T cells suppress productive
HIV infection. We also stimulated cells through the CD3/
CD28 pathways using the cell line P815/B7 (9). This murine
mastocytoma is transfected to express the ligand for CD28; in
addition, it expresses murine Fc receptors that are capable of
binding and cross-linking soluble antibody (i.e., Leu4, which is
anti-CD3). This method provides a substantially physiological
approach to cross-linking the CD3 and CD28 molecules. Nearly
100% of CD4 T cells in healthy adults express CD28.

Surprisingly, although CD3/CD28 stimulation led to signifi-
cantly increased HIV replication in the preinfected PBMC and
memory CD4 T cells (Fig. 2), naive T cells produced no detect-
able virus. The naive T cells were clearly infected with HIV,
since, as indicated above, parallel cultures of naive cells stimu-
lated with PHA produced significant virus. (Note that in these
experiments, purified subsets were infected before separation
into different culture conditions.) Thus, stimulation by cross-
linking CD3 and CD28, which is a powerful mitogenic stimula-
tion for naive T cells (reference 8; see below), suppressed pro-
ductive HIV replication in naive T cells.

TNFa and PMA are powerful stimulants of the HIV long
terminal repeat (LTR) and HIV replication in PHA-blasted
PBMC (15). However, TNFa and PMA stimulation, which is
not mitogenic, leads to a significant augmentation of the low
but clearly detectable HIV replication in bulk PBMC and puri-
fied memory T cells (Fig. 2 A). In contrast, naive T cells pro-
duced no detectable virus when either unstimulated or stimu-
lated with the combination of TNFa and PMA (p24 levels in
these cultures were not above background levels obtained by
HIV “infection” of purified CD8 T cells). The lack of enhance-
ment by TNFa and PMA was not due to a failure of HIV to in-
fect the naive T cells nor due to a failure of the cells to activate
the necessary nuclear transcription factors (see below).

Similarly, the addition of TNFa, which has been shown to
increase HIV LTR-directed transcription through the activa-
tion of NF-kB (20) did not “rescue” viral production in the
CD3/CD28-stimulated naive T cells. TNFa did potentiate
CD3/CD28-stimulated HIV replication mildly in PBMC and
memory cells.

In general, the kinetics of viral production after infection of
the cells is consistent with many previous publications (Fig. 2 D).
Little or no virus is detectable in purified T cell cultures until
after 2 d postinfection. Viral production increases over time af-
ter this. Interestingly, 9 d after CD3/CD28 stimulation, there is
a small amount of HIV detectable in the naive cultures. There-
fore, the lack of HIV production in naive T cells persists for al-
most a week—a time frame consistent with the time required
for differentiation of naive T cells into memory T cells (2).

Purified T cell subsets do not cross-regulate HIV replica-
tion. We performed mixing experiments to ask whether the
differential replication in CD4 subsets could be ascribed to a
soluble factor. Naive and memory T cells were sorted to purity
and then remixed at various ratios. These artificially generated
mixtures were then infected with HIV. As shown in Fig. 2 E,
the amount of virus production from these mixtures is closely
proportional to the fraction of memory T cells in the cultures.
This suggests that the major source of virus in infections of
mixed cultures is the memory cells. In addition, it excludes the
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Figure 3. Similar infectivity of naive and memory T cells is consistent
with coreceptor expression. (4) Naive and total memory (M1 + M2)
cells were sorted, RNA was extracted and reverse transcribed. Semi-
quantitative PCR using primers specific for CXCR-4, CCR-5, and
B-actin mRNAs was performed on aliquots of each reverse transcrip-
tion. The amount of PCR product was quantitated; the expression of
CXCR-4 and CCR-5 messages is expressed relative to the B-actin ex-
pression (there was less than twofold variation in B-actin mRNA be-
tween samples). (B) Sorted naive and memory cells were stimulated
with purified SDF-1, the ligand for CXCR-4 (27, 28). Cytoplasmic
calcium concentration is shown as a function of time. SDF-1 was
added at 10 s to a final concentration of 250 pM (arrow). Quantitative
differences in calcium mobilization may reflect differential signal
transduction mechanisms, similar to differences observed for naive
and memory T cells upon CD3 receptor engagement (19). (C) Sorted
naive and memory cells were infected as in Fig. 2. After 20 h, cells
were assayed for viral DNA, or viral DNA+RNA sequences using
quantitative PCR (14) to assess the amount of viral penetration into
the cells. The relative amount of viral sequence is shown for the dif-
ferent culture stimulations. A second experiment on cells from a dif-
ferent donor is shown for some stimulations. Detection of viral DNA
does not necessarily reflect viral integration, but quantitates the ex-
tent of reverse transcription that has occurred. (Control cultures ana-
lyzed immediately after exposure to the infectious supernatant had
< 20% of the signal found in the 20-h experiment.)

possibility that naive T cells produce a soluble factor that in-
hibits HIV replication. Finally, data from the mixing experi-
ment suggests that memory T cells do not produce a factor that
is absolutely required for HIV replication in T cells.
Expression of HIV coreceptors in CD4 T cell subsets. Dif-
ferential infectivity of the purified T cells could account for some
differences in HIV production. While naive T cells have been
shown to be approximately fivefold less infectable than mem-
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ory T cells (4), we found little difference in the production of
HIV after PHA stimulation. Nonetheless, it is possible that
PHA mediates viral fusion in the absence of viral coreceptors.

Recently, two different surface molecules on T cells re-
quired for entry of HIV (other than CD4), CXCR-4/fusin (21)
and CCR-5 (22-26) have been identified. To assess the poten-
tial role of these molecules in HIV infection of purified CD4
subsets, we quantitated expression of the messenger RNA
molecules encoding these gene products. Using semiquantita-
tive PCR, we found that both naive and memory T cells express
similar levels of mRNA for these two coreceptors (Fig. 3 A).

Consistent with this expression, preliminary studies with
fluorescently conjugated antibodies to CXCR-4 show that all
CD4 T cells express the receptor on the surface (M. Roederer,
unpublished observations; N. Landau, personal communica-
tion). Furthermore, costimulation through CD3 and CD28 in-
creases the expression of the CXCR-4 gene on primary T cells
(C. June, personal communication).

Indeed, as shown in Fig. 3 B, both purified naive and mem-
ory T cells exhibit a calcium flux in response to stromal-derived
factor (SDF)-1, the ligand for CXCR-4 (27, 28). Thus, both sub-
sets express equivalent amounts of CXCR-4 and CCR-5 mes-
sage and similar levels of CXCR-4 protein, and both subsets
express functional CXCR-4 capable of transducing signal.
Quantitative differences in calcium flux between these subsets
do not necessarily reflect similar quantitative differences in re-
ceptor expression: CD4 subsets show differential calcium flux
in response to CD3 triggering, even though they express iden-
tical amounts of CD3 (19).

The possibility that quantitatively different surface expres-
sion of viral coreceptors on naive and memory cells leads to
differential infectivity was directly assessed by quantitating the
amount of viral sequences present in the cells 20 h postinfec-
tion. At this early time point, which would be relatively soon
after potential proviral integration, there should be little effect
of the stimulants on the upregulation of viral expression. Thus,
quantitating the viral RNA (or viral DNA) levels should re-
flect primarily the amount of virus that has entered the cell (al-
though not necessarily integrated). Indeed, quantitative PCR
for either viral DNA or viral DNA plus viral RNA showed
substantially equivalent levels of infection in both naive and
memory cells irrespective of the culture conditions (Fig. 3 C).
This confirms that stimulation by PHA or CD3/CD28 after the
infection of the cells did not affect the entry of HIV into naive
or memory cells.

Differential proliferation or apoptosis of T cell subsets does
not account for differential HIV production. We undertook a
series of functional assays on the purified CD4 subsets to try to
understand mechanisms that might account for the differential
ability of naive and memory cells to support productive HIV
replication. The simplest assay quantitates the proliferative ca-
pacity on a per-cell basis. As is well known, naive T cells have,
in general, a greater proliferative capacity (on a per-cell basis)
than do their memory counterparts. As Fig. 4 shows, this is the
case for both PHA stimulation as well as CD3/CD28 stimula-
tion. Indeed, the CD3/CD28 stimulation is a very powerful mi-
togenic signal, resulting in manyfold greater proliferation than
PHA. HIV infection of the cultures, while having a mild damp-
ing of the proliferative capacity, did not alter the relative stim-
ulations by PHA and CD3/CD28. Despite the fact that the best
proliferation observed in these various cultures was for naive T
cells stimulated by CD3/CD28, no viral production was ob-
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Figure 4. Naive T cells stimulated with CD3/CD28 proliferate much
more than memory T cells. 4 d after HIV infection (or mock infec-
tion), cell proliferation was assessed by the incorporation of *H-thy-
midine. As expected, CD3/CD28 stimulation provides a much stron-
ger proliferative signal than does PHA. Infection with HIV
consistently resulted in a slight decrease in proliferation of the T cells
(but no statistically significant change in apoptosis). This is one of two
experiments testing proliferation on HIV-infected cells. Results from
mock-infected cells are consistent with many independent experi-
ments.

served in those cultures (some of the experiments are pre-
sented in Fig. 2 B; all proliferation experiments included p24
measurements). This observation breaks the previously ac-
cepted link between cellular and viral proliferation, and raises
the question of whether other aspects of cellular activation are
necessary for HIV replication; i.e., not necessarily ones that
lead to proliferation.

Kobayashi et al. (29) demonstrated an increase of apopto-
sis in HIV-infected T cells. We assessed apoptosis 6 d after
HIV infection (Fig. 1 C and Table I) for all culture conditions
(PHA, CD3/CD28, and with or without HIV infection). While
the extent of apoptosis depended on the stimulation condition
and cell type, we found no discernible trend in apoptosis com-
paring infected with uninfected cultures.

Naive and memory T cells have significantly different cyto-
kine profiles. In general, naive T cells make only IL-2; mem-
ory T cells can make the entire spectrum of T cell cytokines.
Using competitive PCR, we quantitated the production of IL-2,
IL-4, and y-IFN by the CD4 subsets. As shown in Fig. 5, the
production of these cytokines is quantitatively identical for the
same subset isolated from different individuals. Thus, differ-
ences in cytokine profiles for bulk populations of T cells are
due to differences in the relative representation of functionally
distinct subsets.

To assess the ability of the subsets to produce cytokines
that directly stimulate HIV LTR-directed transcription, we used
a reporter gene system (15) in cells that are responsive prima-
rily to IL-1 and TNFa. In general, supernatants from stimu-
lated cultures showed very strong stimulatory activity for the
HIV LTR, regardless of whether the cultured subsets had been
infected with HIV. However, supernatants from naive cells
stimulated with CD3/CD28 were far less effective than were
supernatants from naive T cells stimulated with PHA. In fact,
supernatants from naive T cells stimulated with PHA were as



Table I. Apoptosis in Purified T Cell Cultures

Naive M1 M2

Stimulation NoHIV +HIV NoHIV +HIV NoHIV +HIV
Experiment 1

None 42 55 14 13 6.3 11

PHA 18 10 21 27 28 21

CD3/CD28 47 40 32 31 24 25
Experiment 2

None 30 46 7.8 12 16 9.7

PHA 8.7 10 25 13 25 23

CD3/CD28 26 25 29 27 31 27

Numbers represent the fraction of cells that were apoptotic using the
Hoechst 33342 assay by FACS®. Purified cells were infected with HIV
or mock infected, stimulated as shown, and cultured for 6 d.

stimulatory as those from memory cells. This difference paral-
lels the observed difference in the capacity of HIV to produc-
tively replicate in these cultures (Fig. 2).

Supernatants from memory cells are clearly stimulatory for
HIV transcription and presumably for replication. However,
these soluble factors did not restore productive HIV infection

' IL-2 IL-4

Compeistor RNA‘} 40 4 04 |10 10 01 100
copies per cell
Naive

Memory M2

B. C.

+IFN

10 1.0

in naive T cells stimulated with CD3/CD28 when memory and
naive T cells were mixed (Fig. 2 E). Thus, naive T cells appear
to lack the receptors to transmit the signals from the soluble
factors.

Activation of nuclear factors in naive T cells is normal. Fi-
nally, we assessed the capacity of the subsets to activate nu-
clear factors known to interact with regulatory regions on the
HIV LTR. The most important of these is NF-«B, which has
been shown to significantly enhance HIV LTR-directed tran-
scription and is necessary and sufficient for TNFa-mediated acti-
vation of the HIV LTR (20). As shown in Fig. 6, both NF«B
and AP-1 are activated in stimulated naive and memory T cells.
While not unexpected, this finding is surprising in view of the
fact that no detectable HIV is produced by the stimulated na-
ive T cells. Therefore, the block of HIV production within
these cells when stimulated by CD3/CD28 does not include a
block in the activation of nuclear factors important to HIV
transcription regulation.

Discussion

The data we present demonstrates that HIV replication is not
necessarily correlated with cellular replication. Indeed, in
these experiments, the conditions that resulted in the greatest
cellular replication resulted in undetectable viral production

Figure 5. CD4 subsets have
significantly different cyto-
kine profiles. (A) Quantita-
tive competitive PCR (13)
was performed to assess the
production of IL-2, IL-4, and
v-IFN by CD4 subsets.
mRNA was isolated from
each cell type after stimula-
tion for 8 h. Aliquots of the
mRNA were mixed with di-
lutions of known numbers of
RNAs identical to each cy-
tokine, but with an internal

Ladder

Supernatant
from
IL-2 o
PBMC
M2
IL-4

M1

deletion. Shown is a typical
gel for naive and memory
M2 cells stimulated with
CD3/CD28. (B) Quantita-
tion of the competitive PCR
assay for sorted cells from
four different donors; aster-

M Unstimulated  jsks indicate undetectable
@ PHA mRNA production. Cells
2 CDBF_CDZS were either stimulated with
s HIV-infected PHA, cross-linked CD3

o No HIV

alone, or cross-linked CD3
and CD28. Error bars are
mean=*1SD. There is a re-

N M1 M2 N M1 M2| N M1 M2 0
1
PHA | CD3 | CD3/CD28

Stimulation of HIV-LTR

T T
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' dei markable consistency in the

number of cytokine messen-
ger RNA molecules per cell
(ordinate) for purified sub-

sets of CD4 T cells. Only M2

memory cells produced IL-4, consistent with their known role of providing B cell help. (C) Supernatants from HIV-infected (or mock-infected)
cultures of sorted CD4 cells or PBMC were added to the 293.72.2 cell line in quadruplicate. This cell line expresses -galactosidase under control
of the HIV LTR. We have used it extensively to assess the regulation of the HIV LTR (15). The 293.27.2 cells were cultured for 8 h in the pres-
ence of the supernatant, and then assayed for B-galactosidase activity. The 293.27.2 cell line is not responsive to PHA or anti-CD3. 10 U activity
represents the basal (unstimulated) expression of B-galactosidase by the cell line. Replicate wells had an average variation of < 10%.

Naive CD4 T Cells Suppress Human Immunodeficiency Virus Replication

1561



Probe NF-kB AP-1
Cell Type Naive Memory Naive Memory
% |« @ |« |« =<
3 SIELLI_IEIEL.| |EIE|.| |B|Z
Stimulaiion? §§§§§é§%§$§§§§§§
& Z|E|o|F|z|=E|O|R|Zz|E|C|R]|Z2|=|0|F
6 AMBIGRO s
p50:p65 —= . <+— fos/jun
p50:p50 —
-
Figure 6. Naive and memory cells
show similar activation of NF-xB
and AP-1. Sorted cells were stimu-
lated for 8 h with PHA or CD3/
CD28. Nuclear extracts were pre-
pared and assayed for NF-«kB or
AP-1 binding activity by electro-
phoretic mobility shift assay. Ar-
rows show the bands corresponding
to p50:p50 homodimers and p50:p65
Free Free heterodimers (NF-«B), or the AP-1
Feobe Probe binding complex.

(naive T cells stimulated with CD3/CD28). Even when stimu-
lated with PHA, memory cells, which had significantly lower
proliferative responses than naive T cells, still produced as
much or more virus.

These findings have importance for the interpretation of
data from viral replication or other studies with cultured PBMC,
since the proportions of various subsets in these cultures is un-
controlled and usually unknown. As Fig. 2 E shows, the
amount of viral replication obtained from a mixture of CD4 T
cells is primarily dependent on the representation of memory
cells in the culture. Similarly, results from functional assays
(e.g., proliferation or cytokine production) will be heavily in-
fluenced by the memory cell representation in the culture,
since memory T cells have very different functional capacities.
While the representation of naive cells in the periphery aver-
ages 50% in healthy individuals (7), there is still considerable
variation. Thus, comparison of functional data including HIV
replication between different donors must be done in the con-
text of the underlying composition of the cell types.

This problem is even greater in samples from HIV-infected
individuals. These individuals, especially in late-stage disease,
usually have significantly decreased representation of the na-
ive CD4 T cells, and consequently increased proportions of
memory T cells (7). Conclusions concerning functional differ-
ences in PBMC between HIV-infected and healthy individuals
should be evaluated with these changes in mind to assess the
impact of cell subset representation changes on the results. In-
deed, functional changes that have been demonstrated in bulk
populations may be due solely to subset representation, with
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no change whatsoever in the functional capacity of any given
cell type.

Our experiments were performed using a T cell tropic virus
(LAI); it remains to be determined whether or not similar ob-
servations will hold true for monocytotropic viruses. Certainly,
tropism may affect the ability of different viruses to enter dif-
ferent subsets, even subsets of T cells. Such an effect would be
amplified in long term cultures, where multiple cycles of rein-
fection can occur. In addition, monocytotropic viruses may not
show the same inhibition for replication once they have en-
tered naive T cells as does LAI

The data we have presented here extend the demonstra-
tion that naive T cells are intrinsically resistant to HIV (4).
Clearly, HIV is capable of infecting these cells, but this infec-
tion is rendered nonproductive when the cells are stimulated
with the physiological signals provided by CD3/CD28 cross-
linking. (Importantly, the inhibition demonstrated in our ex-
periments is an effect on virus that has already entered cells.
Other mechanisms, such as specific downregulation of core-
ceptors, cannot be ruled out in playing a role in the inhibition
of virus in long term cultures such as those described by Le-
vine et al.; reference 8.) As yet, we do not understand the basis
for this inhibition. The naive T cells are responding strongly to
the stimulation, including activating the nuclear factors NF«B
and AP-1. It is possible that inhibition of HIV occurs at a pre-
transcriptional stage; i.e., steps of virus processing after infec-
tion, including integration. However, it is also possible that
mechanisms leading to differential regulation of the HIV LTR
is responsible. Certainly, naive T cells do not make most cyto-



kines after CD3/CD28 stimulation: thus, a negative regulatory
mechanism exists in these cells to prevent expression of those
cytokine genes. Since regulation of the HIV LTR is in many
ways similar to that of inflammatory genes, it is quite possible
that the HIV LTR is negatively regulated by the same mecha-
nisms.

On the basis of these results, we have begun to assess the
amount of HIV replication that is occurring in these subsets in
vivo. Preliminary results suggest that, in fact, naive T cells are
completely devoid of HIV in vivo (M. Roederer, manuscript in
preparation). Combined with the data presented here, this pro-
vides a mechanism for the observation that CD3/CD28-stimu-
lated ex vivo expansion of CD4 T cells from HIV-infected adults
leads to eradication of virus from the cultures (8). Specifically:
CD3/CD28 stimulation preferentially expands naive T cells
(since they have a greater proliferative response); the relative
lack of virus in these cells combined with their ability to sup-
press extant virus leads to progressive dilution of HIV.

Levine et al. suggested that the CD3/CD28 ex vivo expan-
sion of CD4 T cells might be useful as an immune-based cell
therapy for HIV disease (8). Our data supports their observa-
tions and suggestion. Indeed, the selective expansion of naive
T cells, the population of cells prerequisite for novel immune
responses, is desirable for immunological restoration in immu-
nodeficient patients.

Finally, the data that naive T cells are resistant to HIV in
vitro and are uninfected in vivo rules out direct killing by HIV
as the mechanism accounting for the preferential loss of this
subset of CD4 T cells during the progression of HIV disease
(7). This is not surprising, since naive CD8 T cells are lost at
the same rate as naive CD4 T cells (7). Together, these data
support a model in which thymopoiesis is progressively (or ab-
solutely) destroyed early in HIV disease. Thus, long term ther-
apy of HIV disease should include strategies aimed at restor-
ing thymopoiesis.

Woods et al. (31) report that naive, but not memory, CD4
T cells show a loss in inducible virus after infection by HIV.
While using a substantially different stimulation from ours
(i.e., a monokine supernatant), their findings are in agreement
with the conclusions of our paper. Together, our reports pro-
vide strong evidence that naive CD4 T cells are inherently resis-
tant to productive HIV infection after physiological stimulation.
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